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The project has led to a theoretical explanation for a family of experimental observations for
diffusion enhancement in solutions of catalytically active enzymes. The obtained results are
essential for the deeper understanding of reaction and diffusion processes in the living cells.

The execution of this project was affected by COVID-19 pandemic. The PI,

based in Berlin and working part-time in Kanazawa, could not freely travel to Japan. Nonetheless,
the research was to a large extent performed as planned. Hydrodynamic effects of active internal
motions in mechano-chemical enzymes were explored. Analysis of simplified dimer models led to
accurate estimates for diffusion enhancement in solutions of catalytically active enzymes. The
phenomenon of molecular dancing, based on exchange of momenta between enzymes and surrounding fluid,
was proposed, and its theory was developed. This has allowed us to explain the effects of boosted
diffusion for single molecules of enzymes. Moreover, glass-like properties of dense solutions of
catalytically active enzymes were numerically explored. It has been demonstrated that conformational
activity of enzymes can have a strong effect on such colloidal glasses, leading to an effective
fluidization of them.
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Bacteria or animals can autonomously change their shapes and, as a result, move themselves through the
fluid (i.e., swim) and form active matter, or swarms. Molecular motors, such as myosin or kinesin, can also
move themselves along filaments or microtubules; together with a polymer network they constitute active
gels. But can biomolecules, like bacteria, behave as free swimmers and propel themselves through fluid by
changing their shapes? Can dense colloids of active molecules, even in absence of a polymer network,
already form active matter resembling a swarm? There has been important experimental evidence
supporting this. S. Granick with coworkers [PNAS, 115, 14 (2018)] used superresolution optical
microscopy to track motions of enzymes and found that, in presence of catalytic activity, their trgjectories
included episodes of rapid ballistic motion (Ieaps by tens of nanometers within about ten microseconds), as
if these molecules could suddenly propel themselves.

C. Jacobs-Wagner with coworkers [Cell, 156, 183 (2014)] opticaly monitored motion of tracer
nanoparticles in bacterial cytoplasm under normal physiological conditions and when metabolism (i.e.,
catalytic activity of cellular enzymes) was suppressed. Without metabolism, the cytoplasm exhibited glass-
like properties characteristic for dense colloids. The metabolism however “fluidized” the cytoplasm,
recovering classical transport properties and leading to diffusion enhancement by several orders of
magnitude.

Self-propulsion of single enzyme molecules is a property that can be broadly used in biotechnology
applications (see review [K. Dey, Angew. Chem. Int. Ed. 10.1002/anie.201804599 (2018)]), but its
mechanisms were not understood. Transport properties in bacteria, such as diffusion and viscosity, are
apparently dominated by non-equilibrium effects. Bacterial cytoplasm represents a crowded solution of
enzymes, conformationally active under metabolism. While it was suggested by C. Jacobs-Wagner et al.
that cytoplasm becomes fluidized through agitation by active biomolecules, the mechanisms of this

behavior remained not clear.

The aim of this project was to theoretically investigate the effects of catalysis-induced conformational
activity in enzyme proteins on individual motion of such molecules through the fluid and on transport

phenomenain their crowded solutions (colloids).

With the help of large-scale numerical simulations and extensive data analysis, we intended to develop a
novel theory of active soft matter formed by enzymes. Thus, fundamental challenges in molecular
biophysics of the cell had to be addressed and perspectives for control and steering of transport processes

in actual living cells and in synthetic biotechnological systems would have been opened.

The execution of this research program has been affected by the COVID-19 pandemic. The PI, based in
Berlin and employed part-time in the Kanazawa university, could not regularly travel to work in Japan and
meet with the co-Pls. Therefore, some of the project goals have not been reached. Nonetheless, alarge part

of the program has been implemented by following the original plan. Below we summarize the main results.



A. Crowded enzyme solutions as active glass-like colloids.

Crowded solutions of mechanochemical catalytically active enzymes were model ed as dense active colloids
(Fig. 1) of oscillating dimers (dumbbells). The
beads in a dumbbell are connected by an elastic
link whose natural length changes periodically
with time. There are repulsive interactions
between the dumbbells. The Langevin description,

including thermal noise but neglecting

hydrodynamic effects, is employed. Numerical simulations for 0.5
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(Fig.3). Remarkably, such transition has been found in the parameter region typical for bacterial cytoplasm.
Thus, the hypothesis based on the experimental data has been theoretically confirmed. Our reported
simulations[EPL 128, 40003 (2019)] werefor relatively small systemsthat were however already sufficient
to demonstrate the principal effects. Simulations for large systems have been undertaken at the final stage
of the project; their results and the detailed analysis are being prepared for publication.

B. Hydrodynamic effects of mechanochemical enzymes.

Conformational changes, that accompany catalytic turnover cycles, induce circulating hydrodynamic flows
in the solution around enzymes. Previoudly, it has been shown that non-equilibrium fluctuating flows,
collectively generated by enzymes, lead to additional mixing and can enhance diffusion of passive particles
(tracers) in the solution. However, reliable estimates for such phenomena were not possible in absence of
the detailed analysis of hydrodynamic effects of individual enzymes. In the framework of the project, such
analysis has been performed [Soft Matter 16, 10734 (2020]]. At a sufficient separation, enzymes can be
viewed as oscillating hydrodynamical dipoles. We have analytically and numerically investigated the
intensity and statistical properties of such dipoles within the minimal model active dimer model of a
mechanochemical enzyme. This has allowed us to obtain much more precise estimates for diffusion

enhancement of passive particles in weak solutions of catalytically active enzymes.

C. Molecular dancing and boosted diffusion of enzymes.

In the experiments, boosted diffusion of single active enzymes has been repeatedly observed. Thisbehavior,

involving individual molecules, cannot be described by the above collective effects. Following previous



literature, we haveinitially expected that boosted diffusion should be a consequence of hydrodynamic self-
propulsion effects. However, the detailed analysis performed in this project has Q\g
bl

revealed thar such explanation does not hold because the molecular propulsion
velocities are too small. Hence, a different explanation had to be sought. As we
have found, al principal experimentally observed aspects of boosted single- o

AN
enzyme diffusion can be reproduced within the novel theory of molecular dancing
proposed by us.

Because of the momentum exchange with the surrounding fluid, the center
of mass of an enzymes performs motions within a turnover cycle. These
motions are reciprocal and therefore they do not lead to net self-
propulsion. However, if rotational diffusion is so fast that the enzyme
tumbles within each cycle, the forward and reverse motions do not

compensate one another (Fig. 3). Asaresult, an additional non-equilibrium

random walk is performed, leading to diffusion enhancement of the
enzyme. The trgjectory of a molecule represents a combination of rapid
leaps and more dow classical diffusive motion between them (Fig. 4). Moreover, in agreement with the
experimental data, the boosted diffusion is linearly dependent on the rate of energy supply. A detailed
analytical theory of such phenomena has been constructed and numerical simulations have been carried out.
This last study has been undertaken at the final stage of the project and its results are being prepared for
publication.

Thus, we have found answers to the two main questions formulated at project’s start. (i)No, enzymes
practically cannot swim, contrary to conjectures previously made. However, the diffusion of active enzymes
can indeed become boosted, as experimentally observed, due to the effects of dancing based on mechanical
momentum exchange. (ii)Yes, conformational activity in enzymesin crowded solutions, such as cytoplasm,

leads to fluidization of such glass-like systems.
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